The interaction between bovine serum albumin (BSA) and the anionic 1.2-dipalmitoyl-snglycero-3-(phospho-rac-(1-glycerol)) (sodium salt) (DPPG) phospholipid at different subphase pH values was investigated at air-water interface through surface pressure measurements and atomic force microscopy (AFM) observation. By analyzing surface pressure-mean molecular area (π-A) isotherms, the limiting molecular area in the closed packing state-the concentration of BSA (A lim -[BSA]) curves, the compressibility coefficient-surface pressure (C −1 S -π) curves and the difference value of mean molecular area-the concentration of BSA (∆A-[BSA]) curves, we obtained that the mean molecular area of DPPG monolayer became much larger when the concentration of BSA in the subphase increased at pH=3 and 5. But the isotherms had no significant change at different amount of BSA at pH=10. In addition, the amount of BSA molecules adsorbed onto the lipid monolayer reached a threshold value when [BSA]>5×10
I. INTRODUCTION
It is a hot issue to explore the adsorption of molecules at the air-water interface and the structure and function of complex biological system on the dynamic level [1−3] . Phospholipid molecule is the basic skeleton of biological membrane, while protein is the main vehicle for biological function. Understanding the interaction between them is a key link to study biological structure and function [4, 5] . Thus, it is important to study the interaction between protein and their surroundings in a biological environment [6] . Bovine serum albumin (BSA) is one of the main proteins in bovine serum. It involves many biological functions, such as transporting fatty acids, nutrients, waste products and drugs, maintain- * Authors to whom correspondence should be addressed. E-mail: haochangchun@snnu.edu.cn, Tel: +86-29-81530737, FAX: +86- ing the osmotic pressure and pH of blood [7−9] . Studies also have proved that BSA has antioxidant properties and can eliminate the free radical of DPPH [10] . BSA belongs to the globular proteins and has great conformational adaptability. BSA is composed of 583 amino acid residues, including 17 disulfide bonds, and one free thiol [11, 12] . The peptide bonds are folded closely, hydrophobic amino side chain is located in the molecule, and the hydrophilic side chain exposed to water solvent, so the solubility in water is very good [7] . The isoelectric point of BSA is 4.9, the net charge of BSA is positive at pH=3, electrically neutral at pH=5, and negative at pH=10 [13] . With the change of pH, the conformational structure of BSA also changed. So it is important to study the interaction between BSA and other biological molecules, especially, it can be bonded with a variety of cationic, anionic, and other small molecules [14, 15] .
DPPG is one of the most common and active components of phospholipids in cell membranes [16, 17] . Because the inclusion of DPPG into the liposomes can enhance the cellular uptake of liposomes, it is an impor-tant component of the liposomes carrier in drug delivery system [18] . The properties of the liposomes can be changed by the interaction with components in the blood. So it is significant to learn the interaction between DPPG and components in the blood, especially serum albumin. Yokouchi and Tsunoda et al. have investigated the effect of adsorption of BSA on the membrane characteristics of DPPG and DPPG/DPPC liposomes at pH=7.4 respectively. These results indicated that the adsorption of BSA on the liposomes could affect the micropolarity, microfluidity, phase transition temperature, microviscosity or permeability of liposomal bilayer membranes obviously [19, 20] .
The Langmuir monolayer used as a simple model for cell membranes has been demonstrated in recent years. At the interface the molecules can organize as they would on a cellular membrane and interact with each other for simulating natural membranes [21] . Through the Langmuir monolayer technique, the interaction between lipid monolayer and drugs, peptides, and proteins at the air-water interface could be obtained [4, 22−25] . The influence of different physical and chemical factors on single-layer membrane lipid in detail could also be observed while modifying the experimental conditions in two dimensions [26−29] .
In this work, the interaction between BSA and DPPG and the morphology change of DPPG monolayer caused by BSA at air-water interface at different subphase pH values was investigated through the Langmuir-Blodgett technique and AFM observation. By analyzing the correlation data of surface pressure-mean molecular area (π-A) isotherms, we can obtain the interaction mechanism between DPPG and BSA molecules at different pHs, and the dynamical behaviors of BSA molecules in these systems from the relevant data of surface pressuretime (π-t) curves. We also prepared the phospholipids monolayer onto a solid substrate using the LangmuirBlodgett (LB) technique for observing the morphology features by atomic force microscopy (AFM) [30] .
II. EXPERIMENTS

A. Materials
Crystallized and freeze-dried bovine serum albumin (BSA≥99%) and anionic 1.2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (DPPG) were purchased from Sigma-Aldrich Chemical Company, all of them were used without further purification. Anhydrous ethanol, chloroform, hydrochloric acid (HCl), sodium hydroxide (NaOH) and other chemicals were analytically pure and purchased from Tianjin Chemical Company (China). Three distilled water was used in the experiment.
B. Methods
Surface pressure-mean molecular area (π-A) isotherms measurements
A computer-controlled commercial device (Minitrough, KSV, Helsinki, Finland) was used to prepare monolayer with two moving barriers at a constant rate of 5 mm/min. The Wilhelmy plate technique can record the surface pressure. 0.1 mol/L phosphate buffer solution (PBS) with different pH values (pH=3, 5, and 10) were used as subphases. An appropriate amount of HCl and NaOH were used to adjust the pH of subphase. BSA aqueous solution was added to subphase using a Hamilton microsyringe (the final concentrations:
The final concentration of BSA in the subphase was very small to avoid any measurable surface pressure in the absence of phospholipids [31] . Lipid monolayers were prepared by dropping certain volume 0.1 mg/mL chloroform-methanol solutions (3:1, V /V ) on the subphase. Waiting for 15 min for organic solutions evaporating, compressed the barrier and the surface pressuremean molecular area (π-A) isotherms were recorded. The trough was washed with anhydrous ethanol and rinsed thoroughly with deionized water before each measurement. All measurements were carried out at the room temperature of (291±1) K.
Surface pressure-time (π-t) curves measurements
The π-t curve is used to describe the change of the surface pressure with time. The DPPG lipid was added onto the PBS or onto BSA-containing aqueous solution (the final concentration of BSA is 1×10 −8 mol/L) using a Hamilton microsyringe. Waiting for 30 min for organic solutions evaporating and monolayer equilibrating, compress the barriers at a constant speed of 10 mm/min. After the surface pressure of monolayers reached the certain value of surface pressure (10 mN/m), interrupted the compression. The change in surface pressure with time at a constant area was recorded. All measurements were carried out at the room temperature of (291±1) K.
Atomic force microscopy (AFM) observation
Phospholipids monolayer were transferred onto new fresh cleaved mica at the surface pressure of 10 mN/m with a vertical pulling method at the transfer ratio of 1 [25] . The AFM images of monolayer were acquired in air using a SPM-9500-J3 AFM (Shimadzu Corporation, Japan) in the contact mode through a Micro-V-shaped Cantilever probe (Olympus Corporation, Japan). scan rate of 1.0 Hz [30] . All measurements were carried out at the room temperature of (291±1) K.
III. RESULTS AND DISCUSSION
A. Surface pressure-mean molecular area (π-A) isotherms of DPPG-BSA system
DPPG is an important phospholipid in biological molecules system. In this work, we changed the concentration of BSA and pH of subphase to study the interaction of BSA with DPPG in the monolayers respectively. In the experiments, three pH values (pH=3, 5, 10) were chosen. According to the early study by Pedraz et al., when close to the IEP of BSA, BSA is in its N form at pH=5. Below its IEP pH=3, the protein is in its F form and the net charge is positive. Above the IEP pH=10, BSA is in its B form and the net charge of BSA is negative [7] .
The π-A isotherms of the lipid monolayers in the absence and presence of BSA are shown in FIG. 1. The pure DPPG isotherm showed its inherent characteristics, such as a liquid-expanded (LE)/liquidcondensed (LC) coexistence phase below 10 mN/m, a phase transition from LE/LC coexistence phase to the LC phase, and the collapse surface pressure (π coll ) of 55−65 mN/m, which were consistent with the reported literature [32] . As can be seen from FIG. 1, with the increase of [BSA] the mean molecular area became larger and larger. It indicated that an expansion of the monolayer occurred due to the interaction of DPPG with BSA at the interface. BSA molecules were adsorbed onto the DPPG monolayer, which strongly affected the molecules lateral movement and arrangement. In addition, with the increase of However, π-A isotherms of the DPPG monolayers in the absence and presence of BSA in the subphase did not have significant difference at pH=10 except for π coll which decreased from 62.7 mN/m to 52.5 mN/m. So the addition of BSA in the subphase can affect the collapse surface pressure of monolayers for all pHs.
From π-A isotherms we could see that there occurred a phase transition from liquid/solid phase to solid phase in the process of compression. Extending the steep linear part of the isotherm to π=0 mN/m, we can obtain the limiting molecular area (A lim ) in the closed packing state which is the area occupied by one molecule in a highly compressed monolayer [33] . In order to character the change of the isotherms, we calculated the difference value of mean molecular area at a certain surface pressure which was denoted as ∆A. ∆A-[BSA] curves of DPPG monolayers at the surface pressures of 10 and 35 mN/m are shown in FIG. 3 . We obtained that the sequence of ∆A for DPPG-BSA system was ∆A pH=10 <∆A pH=5 <∆A pH=3 at π=10 mN/m. In addition, we also found that ∆A decreased with the increase of surface pressure at the same pH condition (at the cases of pH=3 and 5). The reasons perhaps were: at pH=3, BSA is in its F form, the F conformer structure exposes most hydrophobic residues to the aqueous solution. Moreover the pK a of DPPG in a monolayer is calculated to be ∼4, DPPG is not charged at pH=3 [33−35] . So BSA molecules were adsorbed onto the DPPG monolayer mainly through the hydrophobic interaction. The hydrophobic tails of DPPG bound to the hydrophobic pockets of BSA, and some DPPG/BSA complexes were squeezed out from the interface with further compression. At pH=5, BSA molecule is in its N form and carries an equal number of positive and negative charges. The N form is the most stable and compact form. Thus, BSA molecules were adsorbed to the interface also mainly through the hydrophobic interaction. The reason for ∆A pH=5 <∆A pH=3 perhaps was that the F conformer structure exposes most hydrophobic residues to the aqueous solution. At pH=10, BSA is in its B form and the net charge of BSA is negative. The B conformer structure exposes less hydrophobic residues to the solvent. So a weaker hydrophobic interaction existed between DPPG and BSA molecules. In addition, DPPG is also negatively charged lipid at pH=10. From FIG. 1 , we found that BSA molecules had little influence on DPPG monolayer at pH=10. It indicated that the hydrophobic interaction was weaker than the electrostatic repulsion between BSA molecules and DPPG monolayer. So BSA and DPPG molecules interacted with each other mainly through the electrostatic repulsion at pH=10. The electrostatic repulsion between BSA and DPPG hindered BSA molecules from moving to the interface. As a result, the orientation DPPG molecules in the interface were changed and the collapse pressure of lipid membrane decreased. These results showed that the interaction mechanism between DPPG and BSA molecules was affected by the pH value of the subphase.
B. Compressibility analysis
From the reported literatures we can know that the presence of BSA in the subphase definitely affected the compressional elasticity of the films at the air-water [7] . The compressibility coefficient (C −1 S ) is a useful parameter to quantify the compression elasticity of the films and phase transition behaviors [36, 37] , which is defined as
where A is the area per molecule of the film and π is the surface pressure.
The results are presented in FIG. 4 . We could see that three minimum values of C −1 S of pure DPPG monolayers were obtained at the surface pressure of 8, 10, and 12 mN/m for the three pHs respectively (shown in the FIG. 4 (a2, b2, c2) ), which corresponded to the above mentioned phase transition point from LE/LC to LC of pure DPPG monolayers. 
S -π curves of pure DPPG monolayers at pH=3, 5, and 10.
no BSA molecules adsorbing onto the DPPG monolayers at pH=10. These results obtained from the curves were consistent with the results from π-A isotherms. In general, the lower value of C −1 S means the monolayers are more easily compressed [38] . We saw that the maximum of C S max of mixed monolayer changed a little. These results showed the different interaction mechanism between BSA and DPPG at different pH.
C. Penetration kinetics at interface
When lipid monolayers were prepared onto PBS subphase in the presence of BSA, the behavior of BSA from the subphase solution to the interface undergoes three important stages: diffusion, initial adsorption, adsorption rearrangement [7] . At the interface, after attaining a certain surface pressure, BSA molecules may desorb from some kinds of lipid monolayers. Kinetics of this desorption process was studied by monitoring the reduction of π with time at different subphase pH values (pH=3, 5, 10, [BSA]=0, 1×10 −8 mol/L, at (291±1) K). The desorption process of BSA followed a pseudo first order kinetics which can be calculated from the following equation [8] .
where π t , π i , π f and are the surface pressure of the monolayer at time t, initial and final, respectively, and κ is the first-order rate constant. In general, the higher value of κ means higher desorption rate. The π-t curves at the initial π=10 mN/m of of DPPG monolayer spread on PBS subphase in the absence and presence of BSA are shown in FIG. 5. The surface pressure began to decrease or increase with time until it reached an equilibrium value (π e ). In order to character the change of π e , we calculated the difference value of π e which was denoted as ∆π (∆π=π e2 −π e1 ). The positive value of this parameter means that some BSA molecules existed on the lipid monolayers, while the negative value means no BSA molecules existed and the number of lipid molecules reduced at the interface. The π e , ∆π, and κ values of mixed DPPG-BSA monoalyers ([BSA]=0, 1×10 −8 mol/L) at different pHs are shown in Table I . The π e of pure DPPG monolayer were 5.56, 5.97, and 7.61 mN/m at pH=3, 5, and 10 respectively. The difference value of π e at pH=3 was bigger than the two cases of pH=5 and 10, which meant the movement of DPPG molecules was much more intense at pH=3. The reasons may be that at pH=3, the electrostatic repulsion between DPPG molecules was lost due to the protonation of the lipid headgroups. At pH>4, the headgroup is charged. Therefore, the electrostatic repulsion between the headgroups made DPPG monoalyers more stable at high pH.
When [BSA]=1×10
−8 mol/L, the π e of monolayers were 18.41, 7.17, and 5.15 mN/m respectively. We could obtain that the addition of BSA and the changing of pH affected the equilibrium pressure of monolayer obviously. As can be seen from the FIG . 5(b) , the π e of monolayers decreased to a minimum value (up to t≈100 s) and then gradually increased with time at pH=3. It indicated that desorption and adsorption processes occurred at pH=3. However, there was only desorption process occurring at pH=5 and 10. In addition, from Table I , the positive value of ∆π at pH=5 meant that some BSA molecules still adsorbed on the lipid monolayers despite that the desorption process existed. We also obtained that the ∆π of monolayer at pH=3 was higher than the case of pH=5. So the hydrophobic interaction between BSA and DPPG at pH=3 was stronger than that at pH=5. From Table I , we obtained that the κ value decreased with the addition of BSA except for the case of pH=3, and reached the minimum at pH=5 which meant the desorption rate at pH=5 was lower than the case of pH=3 and 10. The reasons may be that in the desorption process, more DPPG molecules were carried into the subphase due to their strong binding ability to BSA, which led to the surface pressure decreasing fast at pH=3 as compared with that at pH=5. Moreover, the existence of electrostatic repulsion between DPPG and BSA hindered the adsorption of BSA molecules or promoted BSA molecules to desorb from lipid monolayer at pH=10. The DPPG lipid membrane structure had a great change with the increase of [BSA] (FIG. 6) . At pH=3, the image of pure DPPG monolayer presented uniform microdomains (FIG. 6(a) larger and we could see some bright dots (FIG. 6(b) ). When [BSA]=5×10 −8 mol/L, lipid membrane structure became tighter and more BSA complexes were observed (FIG. 6(c) ). It indicated that BSA molecules were adsorbed onto lipid monolayer and formed complexes. At pH=5, the pure DPPG formed more compact microdomains (FIG. 6(d) (FIG. 6 (e) and (f) ). However, it was obvious to obtain that with the increase of pH from 3 to 5 less BSA molecules were seen in the observed domains at the same concentration of BSA. These indicated that in the case of pH=5 the hydrophobic interaction between BSA and DPPG was weaker than the case of pH=3, which was consistent with the analysis of π-A isotherms and π-t curves. At pH=10, the pure DPPG monolayer showed irregular sheet regions (FIG. 6(g) ). With the [BSA] increasing, the observed domains changed from irregular to larger domains and there were only a small amount of BSA granules in them (FIG. 6 (h) and (i) ), which meant the existence of electrostatic repulsion between DPPG and BSA hindered the adsorption of BSA, which was in good agreement with π-A isotherms and π-t curves. According to these images, we could draw the conclusion that the subphase pH could affect the morphology features of the films. The model system of the interaction mechanism between BSA and DPPG monolayers at different pHs is shown in FIG. 7 .
IV. CONCLUSION
In this work we have used the Langmuir monolayer technique and atomic force microscopy to investigate the interaction of BSA with anionic DPPG at different subphase pH values. These results revealed that even a small concentration of BSA in the subphase can obviously change the properties of monolayers, such as the compression elasticity, phase transition and adsorption/desorption progress, which can also be affected by the subphase pH values. These changes of morphology features in the monolayers were reflected in the AFM images, which were consistent with the results of these curves. The analysis results indicated that BSA and DPPG molecules contacted with each other through the electrostatic interaction or the hydrophobic interaction which was dependent on the pH of subphase.
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